DNA-PK (DNA-dependent protein kinase) is a double-strand break sensor involved in DNA repair and signal transduction. In the present study, we constructed site-directed cross-linking probes to explore the range of DNA discontinuities that are recognized by DNA-PK CS (DNA-PK catalytic subunit). A comparison between different substrate architectures showed that DNA-PK CS associates preferentially with the crossover region of synthetic Holliday junctions. This interaction with four-way junctions was preserved when biotin-streptavidin complexes were assembled at the termini to exclude the binding of Ku proteins. The association of DNA-PK CS with Holliday junctions was salt-labile even in the presence of Ku proteins, but this interaction could be stabilized when the DNA probes were incubated with the endogenous enzyme in nuclear extracts of human cells. Cross-linking of the endogenous enzyme in cellular extracts also demonstrated that DNA-PK CS binds to DNA ends and four-way junctions with similar affinities in the context of a nuclear protein environment. Kinase assays using p53 proteins as a substrate showed that, in association with four-way structures, DNA-PK CS adopts an active conformation different from that in the complex with linear DNA. Our results are consistent with a structure-specific, but Kuand DNA end-independent, recruitment of DNA-PK CS to Holliday junction intermediates. This observation suggests an unexpected functional link between the two main pathways that are responsible for the repair of DNA double-strand breaks in mammalian cells.
INTRODUCTION
DNA-PK (DNA-dependent protein kinase) is a nuclear serine/ threonine kinase that is activated by double-strand breaks in DNA [1] . Biochemical studies have shown that DNA-PK is composed of a 470 kDa catalytic subunit (DNA-PK CS ) and the Ku70/Ku80 regulatory component [2, 3] . In mammalian cells, both DNA-PK CS and the Ku heterodimer are required for the repair of double-strand breaks and for V(D)J rearrangements in developing lymphocytes [4] [5] [6] . The loss of DNA-PK CS activity results in severe combined immunodeficiency, hypersensitivity to ionizing radiation and radiomimetic chemicals, as well as cancer predisposition in mouse models [7] [8] [9] . In addition to its function in DNA double-strand break repair and V(D)J recombination, DNA-PK CS is also involved in p53-dependent signalling pathways that regulate cell death [10] . After genotoxic stress, DNA-PK CS phosphorylates RPA, a potential downstream effector of replication arrest during the S phase [11] . DNA-PK CS may also contribute to a checkpoint function in response to DNA damage through phosphorylation of the transcription factor E2F-1 (E2 promoter binding factor 1) [12] . Additional roles for DNA-PK CS involve telomer maintenance [13] and regulation of transcription [14, 15] .
Despite its extraordinary size of 4127 amino acids, DNA-PK CS is a highly abundant protein in primate cells. Its C-terminus comprises a catalytic domain of 380 amino acids, which shares homology with members of the phosphoinositide 3-kinase family [2] . DNA-PK CS associates with the Ku heterodimer through a domain (amino acids 3002-3850) that is adjacent to the kinase motif [16] , but the function of the remaining large portion of the molecule is poorly understood. In the amino acid region 1503-1602, DNA-PK CS contains a leucine zipper motif that mediates the interaction with C1D, a nuclear matrix-associated DNA-binding protein. In contrast with the Ku subunits, which assemble with DNA-PK CS in the presence of DNA termini, C1D recruits DNA-PK CS to covalently closed DNA molecules and is capable of activating its kinase activity in the absence of strand breaks [17] . These observations suggest that DNA-PK CS is recruited to different substrates via association with distinct regulatory partners.
A number of issues concerning the role and mechanism of action of DNA-PK CS remain unresolved. For example, DNA-PK CS co-ordinates the repair of double-strand breaks by NHEJ (nonhomologous end-joining) and, as a consequence, competes with the alternative repair of broken chromosomes by HR (homologous recombination). Interestingly, DNA-PK CS suppresses spontaneous HR events during replication more efficiently compared with HR elicited by exogenously induced DNA cleavage, suggesting that DNA-PK CS may adopt an active role in regulating homologous strand exchanges [18] . This view is supported by the finding that at least one interaction partner of DNA-PK CS , the C1D protein, is also implicated in the HR process [19] . In the present study, we tested whether DNA-PK CS may recognize, besides other DNA discontinuities that interrupt the double helix, non-linear intermediates of HR. Therefore we took advantage of photoreactive probes, designed in a site-specific manner, to analyse the structure-specific DNA-binding properties of the individual DNA-PK subunits. This approach revealed that DNA-PK CS , unlike the Ku component, binds to the crossover region of Holliday junctions.
obtained from Promega, recombinant Ku heterodimer from Trevigen and p53 from Santa Cruz Biotechnology. Nuclear extracts from HeLa cells were prepared by the method of Dignam et al. [21] , yielding a protein content of 10-15 mg/ml and a final conductivity equivalent to 80 mM NaCl. HeLa and TK6 (human lymphoblasts) were obtained from A.T.C.C. (Rockville, MD, U.S.A.). SV40-transformed fibroblasts (GM00637) were obtained from Coriell Institute for Medical Research (Camden, NJ, U.S.A.).
Antibody and Western-blot analysis
A rabbit polyclonal antibody raised against DNA-PK CS was obtained from Abcam (Cambridge, U.K.). Western blots on PVDF hydrophobic membranes (0.45 µm pore size; Bio-Rad Laboratories) were performed at an antibody dilution of 1:2000 using 5 % (w/v) fat-free milk powder as the blocking solution and goat secondary antibodies conjugated with horseradish peroxidase. The protein was visualized by chemoluminescent detection after incubation with the SuperSignal substrate (Pierce).
DNA probes
The photoreactive oligonucleotides ON1 (5 -ACCACCCTTCG-ATCGTGTC-3 , where the reactive base analogue is underlined), ON2 (5 -ACCACCCTTCGATCGTGTC-3 ), ON3 (5 -CG-ACTGCAGACGTACCACCCTTCGAACCACACGAATTCTA-GTG-3 ) and ON4 (5 -CGACTGCAGACGTACCACCCTTCGA-ACCACACGAATTCTAGTG-3 ) were obtained by azido modification of thymine via a six-carbon triethylene spacer (Genset, Evry, France). The photoreactive oligonucleotides were radiolabelled using [γ -
32 P]ATP and T4 polynucleotide kinase. Biotinylated sequences were synthesized by Microsynth (Switzerland). The oligonucleotides were incubated with streptavidin (Roche) at 25
• C for 30 min. To generate DNA duplexes or four-way DNA junctions, the oligonucleotides were annealed in 50 mM Tris/HCl (pH 8.0) and 10 mM MgCl 2 , incubated for 5 min at 85
• C, followed by slow cooling [22] . To prepare duplex 19-mers, ON1 or ON2 was annealed to ON5 (5 -GACACGATCGAAGGG-TGGT-3 ). Duplex 43-mers were obtained by annealing ON3 or ON4 with ON6 (5 -CACTAGAATTCGTGTGGTTCGAAGGG-TGGTACGTCTGCAGTCG-3 ). Partial duplex DNA was generated by annealing ON3 to ON7 (5 -AGGGTGGTACGTCTG-CAGTCG-3 ). The three-way junction was constructed by annealing ON3 with ON8 (5 -CGATACGTCCCCAATATCCC-AAGGGTGGTACGTCTGCAGTCG-3 ) and ON9 (5 -CACT-AGAATTCGTGTGGTTCGGGGATATTGGGGACGTATCG-3 ). Four-way junctions were obtained by annealing ON3 with ON8, ON10 (5 -CACTAGAATTCGTGTGGTTCGGTATCACG-ACTAGC-3 ) and ON11 (5 -GCTAGTCGTGATACGGGATATT-GGGGACGTATCG-3 ). When the photoreactive probe was used, the non-labelled strands were slightly in excess (10 %) to ensure that the modified strand would be completely incorporated into the final substrate. The homogeneity of each DNA construct was confirmed by native PAGE (7 % gel). Duplexes of 76 bp were assembled by hybridization of ON2 with a 76-mer oligonucleotide containing the complementary sequence at the centre and subsequent ligation with two other oligonucleotides of 28 and 29 nt to obtain a double-stranded fragment. Similarly, duplexes of 161 bp were recovered from the ligation of ON2 with five partially overlapping oligonucleotide sequences. These ligation products were purified on 10 % denaturing polyacrylamide gels.
Cross-linking
Binding reactions were initiated in microcentrifuge tubes by incubating the photoreactive probes (0.2 nM) at 25
• C in 25 mM The asterisk denotes the 32 P-labelled residue at the 5 -end of each probe. Radiolabelled complexes were generated after UV irradiation, and the cross-linked protein was identified by analysis of the reaction products on SDS/polyacrylamide gels. The representative autoradiograph was obtained after a 2 min incubation with DNA-PK CS (0.1 µg). Lanes 1 and 3 (numbering from the left) show control reactions without UV or protein respectively. Free radioactive probes migrated ahead of the proteins into the electrophoresis buffer at the bottom of the gel.
Hepes (pH 7.5) and 10 mM MgCl 2 , with Ku proteins, DNA-PK holoenzyme or fractions of purified DNA-PK CS , and the indicated concentrations of KCl. The final volume of each reaction was 20 µl. Cross-linking was performed by exposure for 40 s to UV light (325 nm) using the UVG-11 source obtained from UVP (Upland, CA, U.S.A.). The reactants were then dissolved in gel-loading buffer [62.5 mM Tris/HCl, pH 6.8/5 % (v/v) glycerol/2 % (w/v) SDS/5 % (v/v) 2-mercaptoethanol/1 % Bromophenol Blue]. After boiling for 5 min, the cross-linked products were separated by SDS/PAGE (10 % gel) and visualized by autoradiography. The relative cross-linking efficiency was quantified by laser densitometry of the X-ray films.
DNA-PK activity assays
Kinase assays were performed in 25 mM Hepes (pH 7.5), 0.25 mM of the synthetic p53-derived peptide PESQEAFAD-LWKK (Promega), 10 mM MgCl 2 , 10 µg/ml sonicated calf thymus DNA and 0.1 mM [γ -32 P]ATP (NCI; 1000 d.p.m./mol) in a volume of 40 µl. The reactions were started by the addition of DNA-PK and incubations were performed at 30
• C for 10 min. The reactions were stopped and kinase activity was quantified using the SignaTECT kit obtained from Promega. One unit is the amount of enzyme that incorporates 1 pmol of phosphate into 38 nmol of peptide substrate in 1 min at 30
• C.
RESULTS

Azido-mediated cross-linking of DNA-PK CS
Previous UV cross-linking studies indicated that DNA-PK CS makes direct contacts with DNA substrates as short as 18 bp [1, 23] . In the present study, we exploited the azido cross-linking chemistry [24, 25] to analyse the ability of DNA-PK CS to interact with different DNA architectures. As outlined in Figure 1 Figure 1 ).
Cross-linking of DNA-PK CS to linear DNA
The advantage of site-directed cross-linking methods is that the target proteins can be immobilized at a unique position in the nucleic acid substrate. A photoreactive azido moiety was introduced in place of thymine 2 nt from the 3 -end of 19-mer DNA duplexes, whereas the 5 -end of the same strand was 32 P-labelled. After reaction with the recombinant human Ku heterodimer (Ku70 and Ku80), this DNA probe generated the expected radiolabelled adducts that migrated faster than the 116 kDa molecular-mass standard on polyacrylamide gels ( Figure 2A , lanes 2 and 4). In the presence of the DNA-PK holoenzyme, the same photoreactive probe was capable of cross-linking the two Ku proteins as well as the DNA-PK CS subunit. The Ku polypeptides appeared again as radiolabelled complexes ahead of the 116 kDa standard, whereas the catalytic subunit generated a radiolabelled product that migrated slower than the 180 kDa standard and remained near the gel origin (Figure 2A, lanes 3 and 5) . The relative electrophoretic mobility of this larger protein was identical with that of the DNA-PK CS subunit, and no radiolabelled product other than the expected cross-links with DNA-PK CS , Ku70 and Ku80, were detected. In time-course experiments, the highest cross-linking efficiency between DNA and DNA-PK CS was observed after a short incubation for 2 min before UV irradiation ( Figure 2A , lane 3). At the same protein/DNA molar ratio (as with Ku proteins), BSA was not cross-linked to the DNA substrate ( Figure 2A , lane 1). Preincubation of DNA-PK with ATP progressively decreased the cross-linking of the catalytic subunit (results not shown), in agreement with previous studies showing that DNA binding of DNA-PK CS is negatively regulated by autophosphorylation [26] .
DNA-PK CS and Ku can associate independently with DNA termini; however, if the nucleic acid substrate is long enough to accommodate both subunits (if it consists of at least 32 bp), Ku increases the affinity of DNA-PK CS for DNA termini [27, 28] . Under these conditions, the Ku subunits slide to internal positions of the substrate [24] . Consistent with this translocation model, we observed that the Ku subunits could still be cross-linked when the photoreactive analogue was positioned exactly at the centre of a 43-mer DNA duplex ( Figure 2B , lane 3). The appearance of multiple radiolabelled bands has already been described previously and reflects the formation of geometric isomers representing cross-links with different amino acid residues of the two Ku subunits [24] .
Unexpectedly, when the experiment was repeated with the DNA-PK holoenzyme, not only Ku but also DNA-PK CS was crosslinked to the central residue of the 43-mer substrate ( Figure 2B , lane 4). DNA-PK could also be immobilized to the central region of an overhang substrate ( Figure 2B , lanes 5 and 6), which was assembled by annealing the photoreactive 43-mer oligonucleotide with a complementary 22-mer sequence. As with the doublestranded 43-mer fragment, both Ku and DNA-PK CS were immobilized to this partial duplex substrate. However, neither Ku nor DNA-PK CS could be cross-linked to single-stranded 19-mer (results not shown) or single-stranded 43-mer oligonucleotides ( Figure 2B , lanes 1 and 2). To confirm the direct interaction of DNA-PK CS with internal DNA sites, we employed a purified DNA-PK CS fraction, prepared by the method of Dvir et al. [20] , which contained only trace amounts of the Ku-regulatory partners. After UV irradiation, the catalytic subunit was again susceptible to cross-linking to the centre of the 19-and 43-mer substrates; however, in this case, the intensity of the faster migrating bands representing crosslinked Ku was decreased ( Figure 2C , lanes 1 and 3). In addition, we generated longer substrates of 76 and 161 bp containing the photoreactive group at the centre, i.e. at a distance of approx. 40 and 80 nt from each DNA terminus. As with the previously used duplexes, these longer probes were radiolabelled at one 5 -end before incubation (2 min) with the DNA-PK CS fraction. Surprisingly, the catalytic subunit was again cross-linked to the central region of the 76-mer probe ( Figure 2C , lane 5). We also observed similar levels of cross-linking of DNA-PK CS to the centre of the 161-mer probe (gel not shown). Taken together, these results indicate that DNA-PK CS displays an intriguing ability to interact with double-stranded DNA at a considerable distance from the termini.
Characterization of the DNA-PK CS interactions with internal DNA sites
The binding of purified DNA-PK CS to intact portions of DNA is in conflict with previous studies, where the localization of the catalytic subunit was mapped to the vicinity of DNA ends with minimal inward translocation [23, 24] . To characterize this unexpected interaction of DNA-PK CS with internal DNA segments, we tested the stability of nucleoprotein complexes at different ionic strengths. DNA-PK was cross-linked to the central residue of the 43-mer duplex in the presence of 100 mM KCl. Under these conditions, the formation of complexes with DNA-PK CS was completely disrupted, whereas cross-linking with the Ku subunits was not affected by the increased ionic strength ( Figure 2D , lanes 6 and 7). Importantly, the cross-linking efficiency involving DNA-PK CS was not changed by the addition of 100 mM KCl when the photoreactive group was located only two residues away from the DNA terminus ( Figure 2D, lanes 2 and 3) . This finding is consistent with the known ability of the Ku subunits to recruit DNA-PK CS to DNA ends at physiological salt concentrations [27] . Instead, the interaction of DNA-PK CS with the more interior site of DNA duplexes is not stabilized by its association with Ku and, hence, can be detected only at low ionic strength.
We wished to rule out the possibility that the results obtained so far could be due to a minor proportion of incorrectly folded and inactive DNA-PK molecules, which aggregate on DNA and become cross-linked in an unspecific manner. The strong interaction between biotin and streptavidin was exploited to isolate and characterize the cross-linked complexes. DNA duplexes were assembled as mentioned above, except that the unmodified complementary strand was supplemented with a biotin tag at its 3 -end ( Figure 3A ). DNA-PK was incubated with these biotinylated probes and, after 2 min, exposed to UV light for cross-linking. The resulting complexes were mixed with streptavidin-conjugated paramagnetic beads, pulled down and washed extensively with high-salt (1 M NaCl) buffer to remove any free protein that was not cross-linked to the biotinylated substrate. To determine the activity of the immobilized enzyme, the paramagnetic beads were incubated for 10 min with 32 P-ATP and a p53 peptide substrate. These assays revealed a significant kinase activity associated with the immobilized enzyme, but only when the cross-linking reaction was performed under conditions that allow binding of DNA-PK CS to the central region of the substrate, i.e. in the presence of MgCl 2 but without KCl ( Figure 3B ). Additional controls, where UV irradiation was omitted, demonstrate that the observed kinase activity results from cross-linked DNA-PK CS with little contamination of free enzyme ( Figure 3B) . Alternatively, the washed paramagnetic beads containing cross-linked enzyme were incubated with 32 P-ATP in the absence of peptide substrate. Analysis of the reaction mixtures on denaturing polyacrylamide gels showed that the cross-linked DNA-PK CS molecules in the pellet were also susceptible to autophosphorylation (results not shown).
Binding of DNA-PK CS to the junction region of four-way intermediates
The efficient cross-linking of DNA-PK CS to internal substrate positions, located at a considerable distance from the DNA ends, prompted us to test whether DNA-PK CS is capable of interacting with architecturally more complex DNA structures. In particular, we explored its interaction with a Holliday junction molecule that constitutes the universal HR intermediate and is also generated during replication [29] . A synthetic Holliday junction with four double-helical stems of 13, 20, 21 and 22 bp was constructed by hybridization of the photoreactive 43-mer probe with three other oligonucleotides. For comparison, we also generated a three-way junction molecule (consisting of helical stems of 20, 21 and 22 bp) by annealing three different oligonucleotides. These DNA substrates contained a single photoreactive group in the central junction region and, in addition, the photoreactive 43-mer oligonucleotide was 32 P-labelled at its 5 -end. Subsequent analysis on a native polyacrylamide gel demonstrated that the resulting hybridization products migrated as a single band, indicating homogeneous populations of four-and three-way DNA structures (Figure 4) .
The photoreactive four-way DNA substrate, or the 43-mer linear control, was incubated with the purified fraction of The annealed oligonucleotides were analysed by native PAGE. The autoradiograph shows a 7 % polyacrylamide gel demonstrating the purity of the DNA junction structures.
DNA-PK CS . After 2 min, the samples were UV-irradiated and the amount of cross-links with the four-way junction was compared with that induced in the presence of linear DNA. Both types of substrates yielded nucleoprotein complexes of identical size, migrating near the origin of denaturing gels, which consisted of DNA-PK CS covalently linked to the radiolabelled single-stranded 43-mer oligonucleotide ( Figure 5A ). Unexpectedly, we found that DNA-PK CS is cross-linked slightly more efficiently to the synthetic four-way junction compared with the 43-mer linear control (lanes 2 and 3). In similar cross-linking experiments, RPA and XPC proteins, two factors that share a high affinity for singlestranded DNA, displayed no preference for four-way junctions (results not shown). The present study also showed that DNA-PK CS is cross-linked to the junction region of threeway DNA molecules with a similar efficiency as to the central photoreactive residue of the linear control ( Figure 5B) .
The affinity for four-way junctions was confirmed in experiments performed with the holoenzyme fraction instead of just the catalytic subunit, indicating that the binding preference of DNA-PK CS for four-way junctions is maintained in the presence of Ku subunits ( Figure 5C, inset) . To determine the stability of the complex generated by DNA-PK CS with four-way junctions, DNA-PK was mixed with photoreactive four-way probes in the presence of increasing KCl concentrations. The formation of nucleoprotein complexes between DNA-PK CS and the four-way junction region was significantly decreased at a KCl concentration of 50 mM, and these interactions were completely suppressed with 100 mM KCl ( Figure 5C ). Under the same conditions, however, the Ku subunits were still efficiently cross-linked. These results indicate that the binding of DNA-PK CS to the central region of Holliday junctions is salt-sensitive and is not stabilized by the Ku heterodimeric partner. Finally, dose-dependent experiments show that the cross-linking efficiency increased in a linear manner when DNA-PK was incubated with the photoreactive probe at concentrations ranging from 5 to 50 ng/µl (results not shown).
Mechanism of binding to the four-way junction molecules
Although the Ku subunits are not capable of stabilizing the binding of DNA-PK CS to four-way junctions, it was still possible that the loading of DNA-PK CS to four-way junctions could be transiently mediated by Ku. The results shown in Figure 5(A) , where the purified DNA-PK CS subunit was used, could be attributed to the presence of a small amount of Ku contaminating the enzyme preparation and, possibly, facilitating the binding of DNA-PK CS to four-way substrates. To solve this issue, we took advantage of the tight interaction between biotin and streptavidin. In the following experiments, the end of each double-helical stem of the four-way junction structure was supplemented with a biotin residue by modifying the 3 -terminus of each oligonucleotide ( Figure 6A) . A biotin moiety was also placed on each end of the 43-mer linear control fragment by modifying both the 3 -and 5 -terminal nucleotides of the bottom strand. The ends of these specially designed probes can now be blocked by the addition of streptavidin, which consists of a tetramer of four 15 kDa subunits, forcing the DNA-PK components to bind directly to the internal substrate region.
The biotinylated probes were first incubated with recombinant human Ku proteins and each sample was exposed to UV light after 2 min. The presence of biotin alone did not interfere with the binding capacity of Ku, neither on the linear duplex ( Figure 6A ,
Figure 6 Direct interaction of DNA-PK CS with the four-way junction region
Each double-strand end was modified with biotin, as illustrated, and accessibility to the substrates was blocked by preincubation with streptavidin (0.5 µM). (A) Binding of the Ku heterodimer to internal sites is suppressed in the absence of free DNA ends. After 2 min of incubation with Ku proteins (1 µg), the samples were exposed to UV light to induce the cross-linking reaction. (B) Binding of DNA-PK CS to four-way junctions is stimulated in the absence of free DNA ends. The substrates of lanes 3, 6 and 7 were obstructed by preincubation with streptavidin. The four-junction molecules were then incubated for another 2 min with 1 µg of Ku proteins (lanes 1-3) or 0.5 µg of DNA-PK holoenzyme (lanes 4-7) before cross-linking by UV irradiation. lane 1) nor on the four-way junction (lane 5). Subsequently, the photoreactive probe was mixed for 30 min with streptavidin and then incubated with Ku proteins for 2 min, followed by exposure to UV light to induce the cross-linking reaction. In this case, the addition of streptavidin suppressed the binding of Ku to both linear DNA ( Figure 6A, lanes 2-4) and four-way junction DNA (lanes 6-8).
When these cross-linking experiments were repeated with the DNA-PK holoenzyme, complex formation with Ku was again decreased by the addition of streptavidin ( Figure 6B, lanes 5-7) . However, after obstruction of the DNA ends, the four-way junction became the preferential locus of interaction with DNA-PK CS (duplicate, lanes 6 and 7). No decrease in Ku cross-links and no increase in DNA-PK CS cross-links were observed when streptavidin was added in the absence of biotin modifications (results not shown), indicating that the change in the binding pattern observed in Figure 6 (B) requires streptavidin-DNA binding. Thus capping the DNA by biotin-streptavidin complexes favours the recognition of four-way junctions by the catalytic subunit, whereas binding of the Ku components to the same site is inhibited.
Recognition of Holliday junctions by DNA-PK CS in nuclear extracts of human cells
We next examined whether DNA-PK CS is capable of binding to four-way junctions in the context of the nuclear protein environment of human cells. DNA-PK constitutes the most abundant DNA end-binding activity in crude nuclear extracts [30] and is also the major target for nucleoprotein cross-links when short DNA duplexes are incubated in cellular extracts [1] . Thus we took advantage of nuclear cell extracts to compare the affinity of DNA-PK CS for DNA ends and four-way junctions.
A control experiment was performed by incubating the radiolabelled DNA duplex of 19 bp, which is used to monitor the DNA end-binding activity of DNA-PK, in a standard HeLa cell nuclear preparation. After 2 min, the mixture was exposed to UV light to induce the cross-linking reaction. After electrophoretic analysis, the cross-linked DNA-PK CS subunit was identified as a specific radiolabelled product ( Figure 7A, lane 4) , which migrated near the gel origin with exactly the same mobility as the corresponding cross-link generated, in parallel samples, by the 19-mer probe using purified DNA-PK CS enzyme (lanes 1 and 5). As expected, the formation of cross-linked complexes depended completely on the presence of nuclear extract proteins (lane 2), and these complexes were also absent (lane 3) when the reaction was performed with an extract that was depleted of DNA-PK CS by ammonium sulphate fractionation [31] .
The cross-linking procedure was subsequently applied to monitor the interaction of DNA-PK CS in cell extracts with the four-way junction and the corresponding 43-mer linear control. A photoreactive residue was again placed at the centre of each DNA probe as indicated in Figure 7 (B). The preference for the four-way substrate over linear DNA was confirmed by a parallel experiment with the purified holoenzyme ( Figure 7B, lanes 1  and 4) . Moreover, a striking binding preference for the four-way junction substrate was also observed when the two different DNA substrates were incubated in HeLa nuclear cell extracts (cf. lanes 2 and 5). In contrast with the results obtained for the 19-mer probe ( Figure 7A) , a cross-linked product between DNA-PK CS and the linear 43-mer substrate was barely detectable, indicating that other cellular proteins occupy the centre of this larger DNA molecule ( Figure 7B, lane 2) . However, the reaction with the Holliday junction generated a cross-linked product (lane 5), which displayed the same electrophoretic mobility as the complex generated by the purified enzyme with both linear and four-way DNA probes (lanes 1 and 4) . Thus the endogenous enzyme in nuclear extracts exhibits the same architectural bias that had already been observed previously for the isolated holoenzyme or the purified catalytic subunit. Surprisingly, unlike the interaction of purified DNA-PK in the absence of other cellular factors, the binding of the endogenous enzyme to four-way junctions was more stable, such that it could be detected even in the presence of 100 mM KCl ( Figure 7B, lane 6) . The same experiment was extended to a variety of human cell lines. Significant cross-linking of DNA-PK CS to four-way junctions was observed in nuclear extracts from both human fibroblasts and lymphoblasts, indicating that the preference of DNA-PK CS for four-way junctions is a general phenomenon (results not shown).
The quantitative evaluation of three independent cross-linking experiments performed in HeLa nuclear extracts showed that DNA-PK CS is cross-linked to four-way junctions with nearly the same efficiency as to the 19-mers that are used as a probe for its DNA end-binding activity ( Figure 7C ). These results indicate that the affinities of DNA-PK CS for DNA ends and four-way junctions are comparable. Also, the quantification of triplicate experiments confirmed that the binding of the endogenous enzyme to fourway junctions was not diminished by the addition of 100 mM KCl ( Figure 7C ). However, the interaction with linear 43-mer duplexes or with three-way junctions was significantly decreased in the buffer having higher ionic strength. Dose-response experiments were performed to compare the relative affinity of the endogenous DNA-PK CS enzyme for Holliday junctions and linear DNA (Figure 8) . Interestingly, at high concentrations of HeLa nuclear extract, the radioactive band indicative of the covalent complex of DNA-PK CS with four-way DNA junctions was diminished (Figure 8A, lane 5) . This observation suggests the presence of competing factors, displaying a low affinity for four-way junctions, which can bind to the reactive probe and inhibit the interaction of DNA-PK CS with these sites only when present at a higher concentration in the reaction mixture.
Identification of DNA-PK CS in the covalent complex with four-way DNA junctions
A specific polyclonal antibody was used to prove that the radiolabelled band co-migrating with DNA-PK CS represents covalent complexes of this enzyme with DNA. This particular antibody, directed against DNA-PK CS , generated a single band when tested in Western blots of HeLa nuclear extracts ( Figure 9A) . A pulldown experiment was performed by biotinylation of one end of the photoreactive four-way DNA junction as indicated in Figure 9 (B). After incubation in HeLa nuclear extract, the presence of such a biotin residue did not change the preference of DNA-PK CS for the four-way probe relative to the linear control [cf. the amount of cross-linked products in Figure 9(B, upper panel, lanes 1-3) ]. No cross-linked complexes were observed when UV irradiation was omitted ( Figure 9B, upper panel, lane 4) . A representative aliquot of the reaction of lane 3, incubated in HeLa cell extract and cross-linked under UV light, was mixed with streptavidinconjugated paramagnetic beads. A control sample, identical with the reaction of lane 4, was subjected to the same treatment but without exposure to UV light. The complexes were pulled down and washed extensively with high salt (1 M NaCl) to remove free proteins not cross-linked to the biotinylated substrate. The resulting fractions of paramagnetic beads were resolved by SDS/ PAGE, followed by Western-blot analysis using the specific anti-DNA-PK CS antibody. These control experiments confirmed that DNA-PK CS is indeed cross-linked to the four-way junctions ( Figure 9B, lower panel) . No specific antibody signal was detected when the UV cross-linking was omitted ( Figure 9B, sample 4) or when the same probes were tested with a corresponding preimmune serum (results not shown). These results confirm that the radiolabelled complexes co-migrating with DNA-PK CS are indeed the product of a direct interaction of this enzyme with four-way DNA junctions.
Functional consequence of structure-specific nucleoprotein complexes
Incubation of DNA-PK with the 43-mer fragments or the fourway junction revealed a similar level of kinase activity. In fact, we observed that both types of DNA molecules induced the autophosphorylation reaction as well as the phosphorylation of a p53 peptide. Nevertheless, it is probable that the DNA-PK CS subunit adopts distinctly different conformations when assembled with either linear DNA or the architecturally more complex four-way junction. To test this hypothesis, we generated a panel of differentially biotinylated substrates.
Previous reports showed that, to become activated, DNA-PK must be capable of interacting with at least one end of duplex substrates [32] . To investigate the structural requirements for activation by four-way structures, we constructed a substrate in which all the four ends were modified by the introduction of a biotin residue on the 3 -terminal nucleotide. The stimulation of kinase activity was then assessed by monitoring the phosphorylation of the p53 protein during 10 min reactions with 32 P-ATP. The resulting incubation mixtures were analysed on denaturing polyacrylamide gels to determine the level of p53 phosphorylation. The autoradiograph of Figure 10 (A) shows that biotin modification of the four-way junction molecule by itself, in the absence of streptavidin, had little or no effect on the ability of the DNA to activate the kinase activity (lane 4). However, addition of streptavidin to the substrate in which the DNA strands ended with biotin residues resulted in nearly complete suppression of kinase activity (lane 5). Inhibition of DNA-PK CS activity required streptavidin-DNA binding since no decrease in p53 phosphorylation was observed when streptavidin was added to DNA lacking biotin modifications (lane 3). Thus the obstruction of DNA ends by the formation of biotin-streptavidin complexes interfered with enzyme activation, but not with its binding to the substrate, since the same streptavidin-capped four-way junction provided a preferential site for the recruitment of DNA-PK CS (cf. Figure 6B ). In agreement with the results obtained by Hammarsten et al. [32] , we found that p53 phosphorylation was not decreased when only the 3 -terminus of each complementary oligonucleotide in the 43-mer duplex was biotin-labelled, such that the linear fragment ended with only one biotin-streptavidin complex on each side ( Figure 10B, lane 3) . In contrast, as confirmed in lane 6, DNA-PK CS activity was severely decreased in the presence of one obstructing complex at each 3 -end of the four-way substrate.
To stimulate effectively the phosphorylation by DNA-PK CS , it was necessary to leave at least one double-strand end of the four helical arms completely devoid of streptavidin complexes (Figure 10C, lane 2) . On the other hand, again in agreement with previous results [32] , activation of the enzyme by linear fragments could be inhibited only when the DNA was capped by streptavidin complexes at all terminal nucleotides (lanes 5-8). These distinct substrate requirements observed with linear DNA and four-way junctions indicate a structural difference in the mechanism of enzyme activation, suggesting that DNA-PK CS adopts different allosteric conformations in the complexes with these two types of DNA substrates.
DISCUSSION
Failure to repair double-strand breaks can lead to chromosomal fragmentation, deletions or translocations, resulting in cell death or cancer. Two distinct mechanisms for double-strand break repair have been described, involving either NHEJ or HR. NHEJ connects DNA ends irrespective of their sequence and is supposed to be effective at all times in the cell cycle, whereas HR is functional in the S/G 2 phase when the DNA breaks can be repaired using genetic information from a sister chromatid [33, 34] . In the NHEJ pathway, DNA-PK CS occupies a strategic position near the DNA ends, where it acts as a bridging factor that mediates the synapsis between non-homologous break sites [35, 36] . The present study indicates that DNA-PK CS is a more universal sensor of DNA discontinuities contrary to previous understanding, since this enzyme is also capable of recognizing the Holliday crossover intermediates that are formed between homologous DNA molecules.
In the present study, a cross-linking approach has been employed that had already been used previously to analyse the geometry of DNA-PK complexes associated with DNA [24, 25] . Our results confirm that this azido-mediated cross-linking technique is a suitable method to characterize the interaction of DNA-PK with nucleic acid substrates. First, the catalytic subunit is crosslinked to double-stranded fragments, which activate the enzyme, but not to single-stranded oligonucleotides that fail to stimulate its kinase activity ( Figure 2B ; [32] ). Secondly, the cross-linking of DNA-PK CS in a higher ionic strength buffer reflects the stabilizing effect exerted by the Ku subunits in the proximity of DNA ends ( Figure 2D ). Thirdly, cross-linking also faithfully reflects the autoregulatory properties of DNA-PK CS [26] , since the binding efficiency was decreased by preincubation of the enzyme with ATP, supporting the notion that only the unphosphorylated fraction of DNA-PK CS can associate with DNA. Fourthly, we demonstrated that the cross-linked DNA-PK CS subunit retains its enzymic activity and is capable of phosphorylating itself as well as heterologous protein acceptors (Figure 3) . Finally, the identification of DNA-PK CS bound to interior positions of DNA duplexes is not without precedent, as previous atomic force microscopy studies have shown trapping of the enzymic subunits both at the DNA ends and internally [37] . We noted, however, that this binding to internal positions of linear substrates is suppressed in the context of the nuclear protein environment ( Figure 7B ).
Consistent with DNA-PK CS and Ku functioning in concert with the NHEJ pathway, the absence of either component leads to defects in double-strand break repair and V(D)J rearrangements [2, 4, 6] . Thus DNA-PK CS and Ku are often considered to represent the individual subunits of the DNA-PK holoenzyme complex. However, DNA-PK CS and Ku associate weakly, if at all, in solution and the active complex is formed only in the presence of DNA [38] , raising the possibility that alternative pathways of activation of the kinase subunit may occur in vivo through interactions with regulatory partners other than Ku. Homologues of Ku have been identified in a variety of organisms, from yeast to mammals, whereas DNA-PK CS seems to be restricted to higher eukaryotes [39] . The recent finding of the evolutionary nature of DNA-PK CS supports the view that this enzyme probably adopts other cellular functions in relation to DNA metabolism or signal transduction that are independent of the more ancient Ku subunits. An example for such an alternative mechanism has already been discovered, as the kinase function of DNA-PK can be activated by supercoiled DNA in the absence of double-strand breaks through association with the 18 kDa matrix protein C1D [17] . Unlike the Ku subunits, which are not involved in HR, C1D is an interaction partner of DNA-PK CS that operates in both NHEJ and HR [19] .
The outstanding finding of the present study is that DNA-PK CS , but not the Ku heterodimer, binds directly to the Holliday junction region generated, e.g. as an intermediate of strand-exchange reactions during HR (Figures 5 and 6 ). Cross-linking experiments targeting the endogenous enzyme in cell extracts indicate that, in the context of a nuclear protein environment, DNA-PK CS is capable of binding to DNA ends and four-way junctions with similar affinities (Figures 7 and 8) . DNA-PK CS was unequivocally identified in the covalent complexes with four-way junctions by immunological detection (Figure 9 ). In addition, we observed that the binding of DNA-PK CS to four-way junctions becomes resistant to higher ionic strength in the presence of nuclear protein extracts. In fact, isolated DNA-PK CS molecules could be cross-linked to Holliday junctions only at low ionic strength, even in the presence of Ku, indicating that the interaction of the catalytic subunit with four-way junctions is exquisitely salt-labile ( Figure 5C ). However, the cross-linking reaction between the 470 kDa catalytic subunit and Holliday junctions became insensitive to higher ionic strength conditions after incubation of the DNA probes with nuclear cell extracts, indicating that the interaction can be stabilized by cellular binding partners ( Figure 7B ). Finally, distinct molecular complexes formed by DNA-PK CS with linear DNA and four-way junctions could be distinguished at a functional level using a panel of differentially biotinylated substrates (Figure 10 ), indicating that DNA-PK CS adopts a specialized active conformation after interaction with four-way structures.
The recognition of Holliday junctions by DNA-PK CS bears on the question of how cells control the choice between the repair of double-strand breaks by NHEJ and HR. In fact, there might be passive and active modes of competition between the two diverging pathways. With passive competition, the repair outcome may simply depend on whether NHEJ or HR proteins bind first to broken DNA ends. For example, Ku proteins drive double-strand breaks into NHEJ and, in the absence of Ku in meiotic cells, the double-strand breaks become a substrate for HR [40] . With active competition, the proteins involved in NHEJ and HR may interact directly and influence each other's function. Such an active regulatory role of DNA-PK CS appears to be particularly important for the processing of stalled or blocked replication forks, as indicated by the observation that the spontaneous HR rates, which are dependent on DNA replication, are most efficiently suppressed by DNA-PK CS [18] .
The newly discovered affinity of DNA-PK CS for the crossover structure of Holliday junctions provides an immediate mechanism by which this NHEJ subunit may regulate HR processes. It is thus conceivable that modulation of HR by DNA-PK CS can occur through recruitment of the enzyme to a subset of four-way intermediates, followed by phosphorylation of proteins involved in branch migration or Holliday junction resolution. A possible fourway DNA target of DNA-PK CS involves the chicken foot-like intermediate formed by backward migration of stalled replication forks [29] . These four-way intermediates are supposed to facilitate the replicative bypass of damaged replication templates before the replication fork is regenerated. The recognition of chicken foot intermediates by DNA-PK CS could prevent branch migration in the wrong direction or avoid the improper endonucleolytic resolution of this particular kind of Holliday junction. Also, tumour cells lacking DNA-PK CS are susceptible to gene amplification [41] , suggesting that the special recombinogenic intermediates arising during such amplification events may constitute another target of DNA-PK CS .
